Two genes, gusB and gusC, from a natural fecal isolate of Escherichia coli are shown to encode proteins responsible for transport of ␤-glucuronides with synthetic [
Glucuronidation is the major conjugation process in mammals and other vertebrates (14, 15) . Endogenous metabolic wastes, vitamins, steroid hormones, plant-and animal-derived secondary metabolites, xenobiotics, and pharmaceuticals are often conjugated with glucuronic acid. The reaction is catalyzed by many isomers of glucuronyltransferase in the lumen of the endoplasmic reticulum, with UDP-glucuronic acid (7, 8, 9, 14, 15) . Once synthesized, those glucuronides are transported out of the mammalian cells, probably by ATP-dependent transport processes (39, 55) . The glucuronides are then mostly excreted out of the body via the bile ducts into the intestine, through apocrine secretions, and through the bladder into the urinary tract. The conjugated compounds are typically much more water soluble than the respective aglycones and are often biochemically and biologically inactive. The glucuronidation and excretion of such compounds have thus often been described as detoxification.
In the intestine and on the skin, large populations of commensal and symbiotic microorganisms have access to these diverse glucuronides, and some have evolved the ability to metabolize these compounds. The enterobacterium Escherichia coli colonizes all known vertebrates. Most E. coli strains living in natural environments possess ␤-D-glucuronidase (EC 3.2.1. 31) and are able to acquire glucuronides as nutrients (10, 13, 59 ).
␤-D-Glucuronidase is an intracellular hydrolase that catalyzes the hydrolysis of ␤-D-glucuronides within the cytoplasm of E. coli (31, 58 ). The glycone released can then be used as a carbon source. Almost any aglycone conjugated in a hemiacetal linkage to the C-1 hydroxyl of glucuronate in the ␤-configuration can be cleaved by ␤-D-glucuronidase (30, 65) , except for some thio-␤-D-glucuronides (58) . ␤-D-Glucuronidase is encoded by the gusA (formerly uidA [65] ) gene of the gus operon, located at 36.5 min on the E. coli genome (3, 31) .
When glucuronides produced by vertebrates and excreted into the bile, including many conjugates of steroid hormones, pharmaceuticals, toxins, or xenobiotics, are deconjugated by microbial glucuronidases in the intestine, the apolar aglycone is released and can frequently be reabsorbed by the host (20) . This phenomenon is referred to as enterohepatic circulation. Thus, a substantial proportion of the circulating hormones and xenobiotics are derived from the enterohepatic circulation and depend on the glucuronide metabolism of the enteric bacteria.
As glucuronide conjugates are polar molecules, there must be a specific method for their uptake into the E. coli cell. Stoeber (59) found that the uptake of glucuronides in a wild E. coli isolate was coordinately induced with ␤-D-glucuronidase by the addition of exogenous ␤-D-glucuronides. He also showed that different glucuronides were taken up with various affinities. Curiously, numerous subsequent studies on the induction and regulation of ␤-D-glucuronidase in E. coli failed to address the question of how the glucuronides are transported into E. coli, a critical feature in determining the access of induc-ers and substrates to the cell, and an important candidate for mechanisms of regulation (47) . Thus, the nature of the bacterial glucuronide transport system remained obscure.
Here, we report our studies on the biochemical properties of the glucuronide transport system from a natural E. coli isolate, including, most importantly, the identification and localization of the encoded proteins.
MATERIALS AND METHODS
Strains and plasmids used. E. coli strain CE1 is a natural isolate from feces of a female human vegetarian. The E. coli strains and plasmids used or generated in this work are listed in Tables 1 and 2 .
Cloning the glucuronide transporter genes. Restriction-digested PstI-HindIII fragments from the genomic DNA of an E. coli human fecal isolate, CE1, were shotgun cloned into the low-copy-number plasmid pLAFR3 (17) with E. coli KW1 (gus operon deleted, Table 1 ) as the host strain. Positive clones containing the entire gus operon from strain CE1 were identified when the host strain turned blue on Luria-Bertani (LB) agar plates containing tetracycline at 10 g ml Ϫ1 and X-GlcA (5-bromo-4-chloro-3-indolyl ␤-D-glucuronide) at 50 g ml
Ϫ1
due to their abilities to cleave X-GlcA by cloned ␤-glucuronidase. One clone was designated plasmid pKW219 (Table 2 ) and is illustrated in Fig. 1 , which shows the 9.0-kbp PstI-HindIII fragments containing the gus operon. The same steps were performed to create pKW220, which contains the gus operon from E. coli K-12.
To make a gusBC subclone in an expression vector, the BstYI fragment (3,368 bp) containing the gusBC CE1 genes from plasmid pKW219 was blunt ended with DNA polymerase I Klenow fragment and then subcloned into the expression vector pAD284 (12) at its unique HpaI site downstream of the O L P L operatorpromoter to create pWJL4 (Fig. 1 ). This fragment contains the gusB gene with 102 bp of 5Ј-flanking region (partial coding region of the gusA gene), the gusC gene, and 542 bp of the gus operon terminator. The orientation of the insert was determined by restriction digestions with a combination of HindIII and EcoRV, HindIII and MluI, and HindIII and StuI (37) .
Plasmid pWJL6 was constructed to enable expression of only the gusB gene. pWJL4 was partially digested with NcoI to linearize the plasmid at the beginning of the gusC gene, followed by partial digestion with PvuI at the end of the gusC gene, generating an 8,596-bp DNA fragment. This was blunt ended with T4 DNA polymerase I in the presence of deoxynucleoside triphosphates and religated to generate pWJL6 (8,594 bp) containing the gusB CE1 gene and the gus transcription terminator downstream of the O L P L operator-promoter. Plasmid pWJL11 was constructed to express only the gusC gene. pWJL4 was digested with EcoRV followed by a partial digest with NruI. The resulting 8,327-bp fragment was religated to obtain pWJL11 (8,327 bp) ( Table 2 ; details in reference 37).
The equivalent gusBC, gusB, and gusC clones were also constructed in the high-copy-number and high-expression vector pTTQ18 (57) . The gusBC-containing BstYI fragment (3,368 bp) from E. coli CEI was inserted at the compatible BamHI site downstream of the tac promoter to create pWJL24 (7,927 bp), which has the gusBC CE1 reading frame in the correct orientation under the control of the tac promoter. To create a pTTQ18 clone containing only gusB, plasmid pWJL24 was digested with StuI, followed by partial digestion with NcoI to eliminate the gusC gene (Fig. 1) . The recessive ends of a purified 6,550-bp fragment were blunted with T4 DNA polymerase in the presence of deoxynucleoside triphosphates. This was followed by recircularization of the DNA in the ligation reaction to create pWJL26 (6,550 bp), which has the gusB gene under the control of the tac promoter and contains the gus operon transcription terminator sequence. A pTTQ18 subclone for expressing only the gusC gene was constructed by partially digesting pWJL24 with SmaI, which occurs in the polylinker upstream of gusB, followed by partial digestion with EcoRV to eliminate the gusB gene (Fig. 1) . The blunt ends of this DNA fragment were religated to form plasmid pWJL31 (6,460 bp), containing the gusC gene alone and the gus terminator sequence. All the subcloning procedures and expression experiments were carried out in the E. coli host strain NO2947 (Table 1) .
Sequence determination of the gusB and gusC genes. The gusBC CE1 and gusBC K12 genes were sequenced with the dideoxynucleotide termination method (53) . Kyte-Doolittle hydropathy analysis (35) and Garnier-Robson secondarystructure prediction (18) were employed for the analysis of the deduced amino acid sequence of the GusB and GusC proteins.
Growth of bacterial strains and induction of gene expression in different plasmids. For the induction of gene expression of the gus operon on plasmid pKW219 in E. coli strain KW1, cells growing in M9CA medium (43) , containing 15 g of hypoxanthine, 15 g of adenine, and 20 g of tetracycline per ml (not added to control host cell culture) and 20 mM glycerol instead of glucose were induced with 1 mM p-nitrophenyl-␤-D-glucuronide for 40 min starting at log phase. For gene expression driven by the O L P L promoter on plasmid vector pAD284 in the E. coli lysogen strain AR120, cells growing in LB medium containing 50 g of carbenicillin per ml (not added to control host cell culture) and harboring plasmid pWJL4, pWJL6, or pWJL11 were induced with 40 g of nalidixic acid per ml for 4 h after mid-log phase. For gene expression driven by the tac promoter on plasmid vector pTTQ18 in E. coli strain NO2947, cells growing on M9CA medium containing 50 g of carbenicillin per ml (not added to control host cell culture) and harboring plasmid pWJL24, pWJL26, or pWJL31 were induced with 1 mM isopropylthiogalactopyranoside (IPTG) for 14 h upon inoculation. Transport assay with right-side-out vesicles. Right-side-out vesicles of the induced E. coli strain AR120(pWJL4) expressing the GusBC CE1 proteins were Cloning of the gus operon. A 7,740-bp PstI-HindIII fragment containing the gus operon from a natural E. coli fecal isolate (CE1) was cloned into the PstI and HindIII restriction sites (not shown) of low-copy-number plasmid pLAFR3, generating plasmid pKW219. The corresponding fragment of the gus operon from E. coli K-12 was also cloned to generate plasmid pKW220 (not shown). A BstYI fragment (3,368 bp) containing the gusBC CE1 genes was subcloned into plasmid pAD284 at the HpaI site, generating plasmid pWJL4, so that the gene expression is under the control of the O L P L promoter. Plasmids containing the gusB CE1 gene (pWJL6) and the gusC CE1 gene (pWJL11) were generated from plasmid pWJL4 by a combination of restriction digestions (see Materials and Methods for details). The base pair numbers are those listed in GenBank (accession number M14641), while the base pair numbers in brackets correspond to those listed in the genome sequence of E. coli MG1655 (3).
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GLUCURONIDE TRANSPORT IN ESCHERICHIA COLI 2379 membrane proteins were used as markers to confirm separation of the two membranes. The amounts of protein in membrane samples were determined by the method of Schaffner and Weissmann (56) . Membrane proteins were separated by sodium dodecyl sulfate--12% polyacrylamide gel electrophoresis (25) followed by staining (0.1% Coomassie blue R-250, 45% methanol, and 10% acetate) and then destaining (14% methanol and 10% acetate) procedures. Identification of the GusB and GusC proteins was achieved by N-terminal amino acid sequencing after transfer from sodium dodecyl sulfate-polyacrylamide gels to a polyvinylidene difluoride membrane (44) . Induction of ␤-glucuronidase (GusA) activity was assayed by measuring the hydrolysis of added p-nitrophenyl-␤-D-glucuronide (colorless) to the yellow p-nitrophenol.
RESULTS AND DISCUSSION
gusB and gusC genes of the gus operon confer glucuronideinducible glucuronide transport activity when expressed together. The host strain KW1 (gus deletion) harboring the gus CE1 operon on plasmid pKW219 exhibited [
14 C]PTG transport activity ( Fig. 2A) , provided a glucuronide, in this case p-nitrophenyl-␤-D-glucuronide, was added during growth as inducer.
glucuronide, testosterone-␤-D-glucuronide, and pregnanediol glucuronide (3␣,20␣-dihydroxy-5␤-pregnane-3-glucuronide) were also confirmed to be inducers, as indicated by the activity of the GusA, ␤-glucuronidase, activity (36, 64, 65) , while naphthol AS-BI glucuronide was not (36 When a gus operon from E. coli K-12 was inserted instead, no transport activity was observed ( Fig. 2A) . This turned out to be the result of a Pro100Leu mutation in the GusB protein, and so the gus operons studied further all originated from the CE1 natural isolate.
tac and O L promoters amplify transport activities of the cloned gusBC genes. Figure 2B . The overall activity was higher than the activity from the genes cloned into the lowcopy-number plasmid pKW219 (above), reflecting the expected amplification of expression of the gusB and gusC genes.
The rate and accumulation level of [ 14 C]PTG transport activity were even higher with the IPTG-induced tac promoter in a pUC-based plasmid (57), pWJL24, in the host strain NO2947 (Fig. 2C) , achieving initial rates of 22.65 (standard deviation Ϯ When each is expressed on its own, the gusB gene confers reduced glucuronide transport activity, whereas the gusC gene confers no activity. Figure 2B also shows that the induced gusB CE1 gene alone on plasmid pWJL6 did bring about [ 14 C]PTG uptake, albeit at a lower rate and extent than when the gusC CE1 gene was coinduced with the gusB CE1 gene on plasmid pWJL4. The gusC CE1 gene on plasmid pWJL11, however, did not show any [ 14 C]PTG uptake activity (Fig. 2B) . The induced gusB CE1 gene conferred an initial rate for [ 14 C]PTG transport of 1.60 (standard deviation Ϯ 0.48) nmol per min per mg of dry cell mass, which is about 10-fold lower than that conferred by the induced gusBC CE1 genes, and after exposure for 4 min, accumulation reached 2.53 (standard deviation Ϯ 0.15) nmol per mg of cells, a gradient of 50.5. Similar results were obtained (Fig. 2C) when the gusB CE1 and gusC CE1 genes were expressed separately under the control of the tac operator-promoter (Table 2) ; the induced gusB CE1 gene alone driven by the tac promoter conferred an initial rate of 2.67 nmol of [ 14 C]PTG per min per mg of dry cell mass, which is also about 10-fold lower than that conferred by the induced gusBC CE1 genes driven by the same promoter, and after exposure for 4 min, accumulation reached 4.0 (standard deviation Ϯ 0.67) nmol per mg of cells, corresponding to a gradient of 80. The gusC CE1 gene driven by the tac promoter failed to yield any transport, even though the GusC protein was expressed (see below).
Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) of membranes from the induced strains and densitometry of the Coomassie blue-stained separated proteins (Fig. 3B, lanes 4, 5, and 6) showed that the levels of GusB and GusC proteins were not significantly different when expressed in plasmids carrying both (11.1% and 12.1% of total membrane proteins, respectively) or only one of the gusB and gusC genes (10.4% and 9.9% of total membrane proteins, respectively).
From these data we conclude that the GusB protein, in con- 14 C]PTG into appropriately induced strains of E. coli containing the GusBC CE1 proteins was inhibited by uncoupling agents, e.g., m-chlorocyanocarbonyl phenylhydrazone (CCCP) and 2,4-dinitrophenol (DNP), which are protonophores that discharge a transmembrane electrochemical gradient of protons (data not shown), but this experiment does not distinguish between proton motive force-energized (secondary) and ATPenergized (primary) mechanisms in ATPase-positive strains (24) . However, the use of right-side-out vesicles (26, 32) enables such a distinction, because the binding proteins and ATP necessary for primary active transport are eliminated.
The respiratory substrate ascorbate plus phenazine methosulfate did energize [ 14 C]PTG or [ 14 C]APG transport (Fig. 4 ) when added to right-side-out vesicles prepared from bacteria induced for GusB and GusC. A similar result was obtained with right-side-out vesicles prepared from cells induced only for GusB (data not shown). Glycerol was inactive, which excluded transport into contaminating intact cells. Also, the energized transport was strongly dependent on the pH, with an optimum at pH 6.0 to 6.5 (Fig. 4B) . Both observations indicated that transport was driven by the proton motive force. Furthermore, the uncoupling agents CCCP and DNP inhibited respiration-energized [
14 C]PTG transport (Table 3) . Neither valinomycin, which discharges only the transmembrane electrical potential ⌬⌿, nor nigericin, which discharges the pH gradient ⌬pH, completely abolished [ 14 C]PTG transport at pH 6.6 (Table 3) . However, the two in combination completely prevented transport (Table 3) .
Uptake of [ 14 C]APG into right-side-out vesicles was not inhibited by 5 mM melibiose or lactose, which are substrates for homologous transport proteins (51, 66) , or by D-glucose, D-galactose, or maltose, which are substrates for nonhomologous transporters important for growth and metabolism of E. coli. N-Ethylmaleimide (830 M) and forskolin (130 M) (commonly used as inhibitors for other bacterial secondary active transport systems) did not inhibit APG transport in the right-side-out vesicles (data not shown).
These results establish that glucuronide uptake occurs by a substrate-specific secondary active transport mechanism energized by either the ⌬⌿ or ⌬pH component of the proton motive force across the cell membrane.
Amplified expression and identification of the GusB and GusC proteins. Based on the DNA sequence obtained in this work, the gusB gene from E. coli CE1 is predicted to encode 457 amino acid residues with a theoretical size of 49,982 kDa (36) . The gusC gene encodes 420 amino acids with an Nterminal sequence of 23 amino acids that strongly indicates it is exported from the cell; the putative leader sequence would then be removed to yield a mature GusC protein of about 44,220 Da.
When membrane preparations were solubilized at 37°C, a protein of ca. 32 kDa was seen in membranes from induced but not uninduced E. coli strain NO2947 carrying tac-inducible gusB and gusC genes on plasmid pWJL24 (gusB ϩ gusC ϩ ) (Fig.  3A) . The protein was also not visible in the IPTG-induced host strain containing plasmid pTTQ18 without the gus genes or in the IPTG-induced host strain without a plasmid (Fig. 3A) . Notably, it was still present in membranes from induced cells when the plasmid carried only the gusB gene and was absent when the plasmid used contained only the gusC gene (Fig. 3B) . When the protein was electroeluted from the gel onto a polyvinylidene difluoride membrane, its N-terminal sequence was found to be M N Q Q L S X R T I V G Y X L G X V (where a Subcellular vesicles were prepared from E. coli NO2947(pWJL24) grown on minimal medium and induced with IPTG. After incubation for 2.5 min with or without additions as indicated, 20 mM ascorbate and 0.1 mM phenazine methosulfate were added, followed by 50 M [ 14 C]APG at 3.0 min. Initial rates of transport were measured in duplicate (15-s time point). The concentrations of ionophore used were shown to be maximal for effectiveness in separate doseresponse measurements (not shown). All data were normalized to controls without ionophore performed with the same batch of vesicles.
the amino acids at positions X could not be unambiguously identified). This corresponds to the amino acid sequence of the GusB protein predicted from the DNA sequence of the gusB gene.
When the membranes were dissolved at 100°C, the protein identified as GusB was actually still visible, but now a second IPTG-inducible protein of about 44 kDa appeared (Fig. 3B) . This protein was present when the plasmid carried the gusC gene but absent when it carried the gusB gene only (Fig. 3B) . Electroelution and N-terminal sequencing yielded A Q L A D D E A G L R I R L K N E L R R, which fits precisely the amino acids in GusC after the predicted signal peptidase cleavage site. Although the predicted molecular mass of the hydrophobic GusB protein is 49,982 Da, it migrated with an apparent molecular mass of 32 kDa in SDS-PAGE. This anomalous migration is very common for integral membrane transport proteins and is perhaps due to only partial unfolding, even in SDS (63) . By contrast, the migration of the hydrophilic GusC protein of about 44 kDa fits well with the predicted molecular mass of 44,420 Da for the mature protein.
The preparations used for SDS-PAGE described so far contain both inner and outer membranes. However, these can be reasonably well separated by density gradient ultracentrifugation of French press membrane vesicles, as first described by Miura and Mizushima (45) . Allowing for some slight crosscontamination of the membrane fractions (Ͻ10%), the GusB protein was associated with the inner membrane (Fig. 3C) , while the GusC protein was clearly associated with the outer membrane (Fig. 3C ). This result was obtained from two independent cultures.
When the gusB gene was expressed under control of the O L P L promoter, either with gusC in pWJL4or on its own in pWJL6 (Fig. 1) , the transport activity of the host strain was increased (Fig. 3B ), but this was not accompanied by a sufficient increase in expression for satisfactory detection of the GusB protein in Coomassie blue-stained SDS-PAGE gels (Fig.  5 ). There was no evidence in any of our constructs that GusB was expressed in inclusion bodies that were not retained in the membrane preparation. However, amplified expression of the gusC gene did occur to a high level (Fig. 5 ), comparable to that obtained when expressed under control of the tac promoter (Fig. 5) . It should be noted that total membrane proteins were incubated with solubilization buffer at 100°C for 4 min before electrophoresis. The unexpected failure of the upstream gene, gusB, to achieve amplified expression and/or insertion of the protein in the membrane when the downstream gusC gene did so is reminiscent of a similar failure of amplified expression of fucP in a T7 vector when the downstream fucI (L-fucose isomerase) gene was overexpressed (15) . Note that in both cases, measurements of transport activities showed that the genes were inducibly expressed (15) (Fig. 2B ).
In at least three independent cultures of the strains expressing the Gus proteins under control of the tac promoter, the level of GusB or GusC protein detected in comparably prepared membranes was not significantly changed when the original plasmid constructs contained both gusB and gusC or gusB or gusC alone (see, for example, Fig. 3B and 5) . Thus, the ability of GusC to enhance transport of [ 14 C]PTG, even though it did not catalyze transport itself, is likely due to its direct interaction with GusB rather than a change in the copy number of either. Since GusB is not sufficiently expressed under the control of the P L promoter to be visualized in an SDS-PAGE gel, this conclusion cannot be verified in host strain AR120, though the observation that GusC enhances transport in this system indicates that some GusB is present.
A protein of about 25 kDa was always expressed from chromosomal DNA of the E. coli host strain when the GusC CE1 protein was overproduced (Fig. 3B, 3C , and 5). Electroelution from the inner membrane fraction and N-terminal sequencing revealed that this was an osmotic shock protein, PspA (5). Our experiments showed that extended expression of the gusC CE1 gene on its own caused cessation of growth and, eventually, cell death (36, 37) , so secretion of the highly expressed GusC CE1 protein was, presumably, the cause of the shock for the E. coli strain.
Concluding remarks. The results that we obtained show that the product of the gusB gene is responsible for transport of ␤-D-glucuronides across the inner membrane of E. coli and that such transport is energized by the proton motive force. By contrast, the product of the gusC gene is an outer membrane protein that can enhance glucuronide uptake but does not transport glucuronide. We have found no indications that GusC acts as a binding protein or interacts directly with GusB, with permeabilized cells, subcellular vesicles, or the purified proteins; there is a significant level of sequence homology of GusC (22.4% amino acid identity with a global alignment) to a porin-like protein of Pseudomonas aeruginosa (27) (accession number AAG03552.1). This may indicate that it acts to facilitate transfer of higher-molecular-weight glucuronides across the outer membrane of E. coli. A recent search showed that sequence homologues of GusC are not commonly found in the available genomes of bacteria (or other organisms). Its occurrence in E. coli EO 157, and perhaps other pathogenic E. coli species, indicates that glucuronides selectively toxic for bacteria might be of therapeutic value, especially as. no significant homologues of the GusB/GusC transport system appeared in the human or other sequenced eukaryotic genomes. Homologues of GusB are found in various bacteria, but to date those characterized have sugar substrates other than glucuronides (50, 66) . The data presented in this work and from Stoeber (59) show that a variety of glucuronides can induce expression of the gus operon. As the assay used for gus operon induction, activity of GusA, requires transport of these glucuronides across the membrane, it can be assumed that glucuronide substrates that act as inducers are transported by GusB. This supports the conclusion that E. coli plays a central role in the enterohepatic circulation of hormones and other aglycones of glucuronides.
The success of the tac promoter constructs in achieving high levels of GusB and GusC expression is an important observation for future cloning and amplified expression of other membrane proteins (48) in bacteria. It is not obvious why the P L promoter construct was ineffective for GusB when expression of the downstream gene encoding the GusC protein was increased, although the P L promoter has been used successfully for the expression of the arabinose, xylose, and fucose membrane transport proteins (19, 42) . In this context, the failure of T7 promoters for the amplified expression of some membrane transport proteins but not others is also noteworthy. Work is in progress to understand these phenomena and devise reliable constructs for expression of transporters and other membrane proteins in bacteria.
